A portable open long-path Fourier-transform infrared system (POPFT-IR) operable at pathlengths of up to 961 m has been constructed for the detection and measurement of trace gases in ambient air and for photochemical smog formation studies. The long optical path is achieved by using a three-mirror multiple reflection cell with a 15.5 m base path . The combination of a retro-reflection mirror with one of three mirrors eliminates any air-turbulence interference . The design, construction, advantage, and use of this novel folded open-path optical system and calibration spectrum for quantitative analysis are described in detail. Preliminary ambient air measurements were made at a variety of locations in Taiwan from urban, suburban and rural to remote areas. The existing trace gases in the background atmosphere were measured as nitrous oxide (N20), methane (CH4), carbon monoxide (CO) and carbon dioxide (C02). Major pollutants such as ethylene (C2H4), propylene (C3H6), ammonia (NH3), ozone (03) and peroxyacetyl nitrate (PAN) were measured in the polluted urban atomosphere.
cording to a recent review article.' Long-path infrared spectroscopy shows promise for applications to studies of air pollution and toxic gas emission at varieties of sites, such as urban, rural, remote and industrial areas. The existence of so many types of sites potentially contaminated by air pollutants makes a rapid and reliable method for on-site analysis extremely attractive. The long-path infrared absorption method could rapidly characterize a site without the necessity of collecting many samples in canisters for later analysis at a central laboratory.
However, most previous long-path infrared spectrometer systems were closed-chamber systems (approximately 3 to 15 m3) with huge size of optics (more than 12" diameter with 3 to 8 sets) in order to achieve ppbv detection sensitivity. [4] [5] [6] Installing the instrument is complicated and takes a long time. This makes it almost impossible to carry out extensive site-tosite measurements by one or two persons. The closed chamber wall also tends to adsorb the sampling air components. The open-path concept (removed closed chamber) with an in-situ measurement and portable instrumentation (Shrink down size of optics) has been described by Tso et al. in a conference report. 8 A portable open path Fourier-transform infrared spectrometer (POPFT-IR) with multi-reflection long-pathlength optics, developed at National Tsing Hua University (Hsinchu, Taiwan) to implement the concept, is completely described in this paper. The POPFT-IR system had silver-coated mirrors with ceramic overcoated protection, which has a reflectivity of 98% and has t Presented at the ASIANALYSIS Changchun, China.
II, August 9-13, 1993. only half of the optical throughput as in silver-coated optics for 64 reflections. Therefore, a small size 8" diameter mirror could be used in the three-mirror white cell configuration to achieve the ppbv detection limit with a path length operated to about 1 km. When the closed chamber was removed from the system the air turbulence and vibration were considered to effect the infrared beam reaching the detector. A retro-reflection corner mirror installed in one of the three-mirrors of the white cell made all of the folded infrared beams become symmetrically distributed in the sampling air space. Any direction of the infrared beam effected by the vibration or the air turbulence was automatically cancelled by the compensating part of the infrared beam. The POPFT-IR spectrometer when installed in a mobile van was easily transported for site-to-site measurements. The only parts that needed to be put out in the field during measurements were two 8" diameter mirrors mounted in a steel rack weighting about 25 kg. In summary, the POPFT-IR was designed and constructed in a novel folded open-path optical system carried by mobile vans so as to implement field applications of ambient-air monitoring at a variety of locations in Taiwan from urban, suburban and rural to remote areas. The existing trace gases in the background atmosphere were measured as nitrous oxide (N20), methane (CH4), carbon monoxide (CO) and carbon dioxide (C02). Major pollutants such as ethylene (C2H4), propylene (C3H6), ammonia (NH3), ozone (03) and peroxyacetylnitrate (PAN) were measured in the polluted urban atmosphere. The POPFT-IR system fulfilled the above-described field experiments, having the following advantageous characteristics:
• One kilometer pathlength thus obtaining a sensitivity at the ppbv level.
• Mobile POPFT-IR system which allows rapid and on-site in-situ measurements. Rapidly characterize a site without the necessity of collecting many samples in canisters for later analysis at a central laboratory.
• No errors introduced by the sampling procedure, since in-situ measurements do not need to collect samples in canisters or traps.
• Good spatial resolution with accurate measurement of the path length by using a small size with a multireflection optics design.
• Good quantitative analysis, high precision and accuracy.
• Simultaneously measuring of many species of atmospheric importance with unambiguous identification.
Experimental

Apparatus
The FT-IR system is coupled with a white cell (a closed chamber) and applied in ambient-air measurements by many investigators.4. 6 The system used here was designed to allow the closed chamber to be removed. The white cell is put directly in the air to be measured as an open system. Figure 1 depicts the whole apparatus, which is a combination of the white cell optics (24"x24"x36" dimension size, weight about 25 kg) and the FT-IR spectrometer (24"x36"x18" dimension size, weight about 55 kg). The FT-IR spectrometer and the nesting mirror were installed in a mobile van. The collecting mirror of the white cell optics was put out in the sampling air. A nesting mirror (8" diameter spherical mirror) with a retro-reflection mirror on the upper right-hand corner was specifically cut to have an entrance and exit for the infrared beam on the upper left-and lower right-hand corners, respectively. This nesting mirror was mounted with an FT-IR spectrometer on the same table. Two collection mirrors (8" diameter spherical mirrors) are 15.5 m (the radius of curvature of the three mirrors) form the nesting mirror. They were mounted on a solid steel rack with an adjustment capable of turning in three dimensions. The air in between the nesting mirror and the collection mirrors absorb the infrared beam to be measured continuously. All of the mirrors are silver-coated mirrors with ceramic overcoated protection, and have a reflectivity of about 99% (provided by Infrared Analysis, Inc. CA, USA). A homemade Nernst glower (1.6 mmx6 mm size) powered by 110 AC volts give a collimated infrared beam which is modulated by a Michelson interferometer (provided by MIDAC corporation, CA, USA) capable of a spectral resolution as high as 0.5 cm 1. The modulated collimated IR beam is directed onto the entrance of the white cell and then multiply-reflected back and forth between the nesting mirror and the collection mirrors. The IR beam exited from the nesting mirror is sent to the liquid-N2 cooled photoconductive HgCdTe (MCT) detector (made by Infrared Associates, Inc. NJ, USA). The interferogram signal from the MCT detector is Fig digitized, collected and Fourier-transform processed at an AT386 micro-computer. A Spectra-Cal software (provided by Galactic Industries Corporation, USA) is installed for data acquisition, mathematical processing, storage and manipulation. An alignment He-Ne laser (2 mmx2 mm size) collinear with the IR beam and is on the center of a 2" IR beam. This He-Ne laser is used to adjust the passes of the IR beam between the nesting mirror and the collecting mirrors. The number of passes can be calculated by counting the number of the laser dots in the third row and multiplying it by eight, then minus two. Routine data collection is carried out at 54 and 62 passes, which are 837 and 961 m pathlength, respectively. During the alignment of the specific path length the signal-to-noise ratio is also maximized by monitoring the optimum peak-topeak height of the interferogram, which represents the total transmitted energy that has been modulated by the interferometer. The signal attenuation as the number of reflections increase is the prime consideration in choosing the operating pathlength. The 54 and 62 mirror reflections at pathlengths of 837 and 961 m corresponded to a peak-to-peak height of the interferogram of 400 (equal to a signal-to-noise ratio of 200) obtained. This value has been set as the criterion for maximizing the signal at measurement pathlengths of 837 and 961 m. When 256 scans of co-adding interferogram are averaged so as to enhance the signal-to-noise level, the noise level is about 0.0005 absorbance unit at the frequency region between 1300 and 760 cm'.
Each scan takes 1 s and a Fourier transform of 0.5 cm 1 resolution data set takes 1 min. One good single-beam spectrum of the ambient air takes about 5 to 6 min. When the mirror reflections are more than 62 a substantial decrease in the total signal occurs to limit the longer operating pathlength. At a pathlength longer than 961 m partial overlapping of the images appears at the exit aperture.
Mobility was provided by a Isuzu truck (7.9 t type) designed to house and transport the necessary measurement instruments as well as the crew. Vibrationabsorbed rubber mounts are used as the mounting bases of the optics table in which the FT-IR spectrometer and the nesting mirror are installed. As for our experience, we have not found any serious damage to the electronics or computer and no misalignment of the optics during transportation.
The retro-reflection mirror installed in the nesting mirror eliminated any air turbulence and vibration interference by a compensating cancelation of any perturbation as the IR beams experience symmetric changes up and down as well as right and left. In field measurements no air turbulence or vibrational interference was found in the FT-IR spectrum.
The water vapor caused some decay of the KBr beam splitter.
Replacement of the beam splitter is carried out every 6 months. The collecting mirrors adsorb some dust during the course of experiments. A nitrogen blower is thus used to clean the optical surfaces on a daily basis. Calibration spectra A library of calibration spectra has been built to both identify and quantify the ambient air compounds that were present in the path of the IR beam between the nesting mirror and the collection mirrors. Two closed chamber types of white cells with variable pathlengths from 0.199 to 84.94 m replaced the open-path white cell. The closed white cell was connected to a vacuum line under vaccum conditions of less than 10.4 Torr. MKS baratrons of 2 Torr,10 and 1000 Torr range were used for a pressure measurement of the calibration gas in the closed white cell. The MKS baratrons were calibrated by using the vapor pressure of water at the water freezing point and 25° C. The material of the white cell mounts was anodized aluminum over-coated with Teflon so as to be inert to most gases. Calibration gases were prepared by either mixing pure gases with high-purity nitrogen (N2, 99.9999%) or NIST traceable gases. Pure ethylene gas was from Scott specialty gas Co. (CAS#74-85-1). A methane gas mixture labeled as 43.9 ppm in N2 was from Matheson Co. Carbon monoxide (CO) was NIST traceable gas labeled as 9.5, 97.1 and 975 ppm (SRM No. 2612a, 1679c and 1681b from NIST, USA). The ozone (03) was generated by an ozonizer and stored in silica gel at dry-ice acetone temperature. An 03 in N2 mixture was prepared by using pure N2 carried through an ozone storage tube at dry-ice acetone temperature. The concentration of 03 in the N2 mixture was determined by UV absorption with a well-calibrated absorption coefficient. The infrared spectrum of peroxyacetylnitrate (PAN) was generated by photolyzing a mixture of acetaldehyde and NO2. The unstable species, such as 03, PAN and NO2, in this calibration were maintained under a dynamic flow condition. The calibration spectra were taken after the concentration reached static equilibrium. All of the calibration spectra were recorded at 0.5 cm 1 resolution. A set of 122 calibration spectra commercially available from Infrared Analysis, Inc, was used for comparisons with our calibration spectra quantitatively.
Quantitative analysis procedure
Beer's law, A = ln(Io/ I)=Q'~ • (l • p), where A is the absorbance, Io the baseline signal, I the single beam signal, l the pathlength, p the partial pressure of IR light absorbing compound and a'~ the absorption coefficient at a frequency v, is applied for the quantitative analysis. The product of l and p for the calibration spectra is compatible with that for the open-path spectra. The absorption coefficient (a'~), should have a constant value in the range of the concentration of the field measurements. Table 1 lists the absorption coefficients of compounds investigated in this paper as a reference making comparisons with other research groups. When the calibration spectra were superimposed on the openpath spectra being analyzed, a line-by-line comparison was usually performed. Therefore, the integrated band strength was a useful reference for the calibration and for inter-comparisons among the research groups (also listed in Table 1 ), Beer's law was applied in order to quantify the partial pressure of each investigated species. This was done by comparing the absorbance (As) of the openpath spectrum being analyzed for the investigated compound with the absorbance (Ar) of the calibration spectrum with a known optical depth (product of l and p) at its absorption frequency. This comparison was made through a software subtraction, which gave AS=K•Ar. A noise level of 0.001 absorbance unit (based on the natural logarithm) was obtained. The operational detection limits were calculated on the basis of a signal amplitude of the three times of the noise level. For a compound of PAN, which has an absorption coefficient of 32 cm 1 atm 1, a detection limit of 1 ppbv was calculated on the basis of a 961 m pathlength. Table 1 gives the absorption detection limit for the measured compound from the listed absorption coefficients.
Since the water absorption peaks in many regions were not exactly cancelled by subtracting the water spectrum to remove the water interference peaks, the precision was found to be two-to three-times larger than the detection limit.
Results and Discussion
Absorption spectra obtained by POPFT IR At pathlengths of about 1 km, the spectral windows for IR detection were generally limited to the 700 -1300, 1900 -2270 and 2390 -3020 cm 1 regions because of strong absorption due to H2O and CO2 at certain regions of the infrared. This is shown in Fig. 2(D) as a typical FT-IR absorption spectrum of the ambient air obtained by a making logarithm of the ratio of the single-beam spectrum (shown in Fig. 2(C) ) to the base-line spectrum (shown in Fig. 2(A) ) or to the simulated base-line spectrum (shown in Fig. 2(B) ). The same FT-IR spectrometer coupled with an evacuated closed cell under a good nitrogen-purging condition generated the baseline spectrum. The simulated base-line spectrum was produced by the point-to-point connection of no absorption frequency point of the single-beam spectrum of the ambient air. The resulting absorption spectra had a similar shape and pattern by using either the baseline Most of the volatile organic compounds with functional groups C-0, C-H, C-Cl, 0-H, C=C, C=C and aromatic and so on, and inorganic compounds such as HN03, NH3
and HCN have an absorption band in the 700 -1300 Existing trace gases in the background atmosphere Nitrous oxide. Nitrous oxide (N20) was an important component in the background atmosphere, being a climatically significant species and significant in regulating stratospheric ozone. Atmospheric distributions of N20 were evidenced to be globally constant; the 1989 global mean concentration was 307.0 ppbv.10 An increase rate of 0.6 to 1.0 ppbv per year was reported. The ambient air spectra expanded in the 2260 -2160 cm 1 region are shown in Fig. 3 for various locations from city ( Fig. 3(B) ), suburban ( Fig. 3(D) ), rural ( Fig. 3(C) ) to remote mountain ( Fig. 3(E) ) areas. The air FT-IR spectra were removed from the absorption due to CO, H2O and partial CO2. The v3 vibration band center of the N20 molecule at 2224 cm 1 matched among every air spectra as well as the reference calibration spectrum shown in Fig. 3(A) . The identification of N20 in air definite based on matching band center and band shape of the P and R branches. A quantitative analysis was carried out using a band strength of 1116 cm 2 atm~1, which was 24.6% lower than that from the commercially available spectrum of Infrared Analysis, Inc. The city, rural, suburban and remote mountain air had 314, 326, 316 and 314 ppbv, respectively. These values, except for the rural site, were very close to the current global value of 311 ppbv, at less than 1 % error. This close measurement result confirmed the accuracy of the POPFT-IR technique. However, different methods such as ECD-gas chromatography, for N20 should be applied in order to further evaluate the accuracy in the future. The higher concentration of 326 ppbv from the rural site indicates an emission source from this vegetation area. Methane.
The v3 vibrational mode of the methane gas was a C-H asymmetric stretching vibration, which was coupled with rotational structure: R, P and Q branches at center frequency, 3019 cm 1. Figure 4 shows the Q branches and some of the R and P branches at the 3030 - The isolated absorption peaks labeled as an arrow was used to identify and quantify the carbon monoxide as having a concentration of 804 ppbv. The peak at 2077.5 cm-' was used to identify and quantify the carbon dioxide as a concentration of 486 ppmv. 2920 cm' region. Some of the P branch peaks that were clearly isolated in the air spectrum ( Fig. 4(B) ) were 2927.2 cm-1, 2948.2 cm 1, 2958.3 cm 1, which were used for a quantitative analysis. All other absorption peaks (e.g. V3 at 3019 cm 1, or other band v4 at 1306 cm 1) of methane were also monitored as if being exactly removed from the absorption peaks in order to assure accurate results while using the three isolated peaks, quantitatively compared and matched the two spectra between the calibration spectrum and the air spectrum. The air contained the component of methane ( Fig. 4(B) ) at a concentration of 2.64 ppmv. The absorption peaks of methane appeared in every measured air spectrum, and the concentrations varied from 1.50 ppmv to 3.50 ppmv at various locations. The POPFT-IR instrument had the necessary sensitivity to differentiate a difference of 0.02 ppmv in concentration. Carbon monoxide.
The R and P branches of the vibration-rotation structure of the carbon monoxide from its fundamental vibrational transition were used very clearly to identify and quantify the carbon monoxide in the air, as shown in Figs. 5(B) and 5(D). The water absorption peaks in the air spectrum ( Fig. 5(D) ) had been removed for the purpose of clarifying the identification and a quantitative analysis of the carbon monoxide. Twelve isolated absorption peaks (indicated by arrows in Fig. 5(D) ) were analyzed on a peak-bypeak comparison basis when the caribration spectrum (shown in Fig. 5(B) ) was superimposed on the air sample spectrum being analyzed. The average value and standard deviation of the measured concentration were therefore obtained from these twelve peaks analyses. The standard deviation was about 5 ppbv. Beer's law was only applied at the narrow optical density range of 0 to 300x104 atm-cm. The concentration of carbon monoxide below 300 ppbv was quantified by using the constant-absorption coefficient of the linear Beer's law.
Since the concentration of carbon monoxide was above 300 ppbv, a calibration curve of absorbance vs. optical density (concentration times optical distance) was used for the quantitative analysis. A large variation in the concentration of carbon monoxide in the measured air samples was found from 85 ppbv to a few ppmv. Carbon monoxide peaks always appeared in the air spectra. The concentration of carbon monoxide in the background air was about 90 ppbv. The concentration of carbon monoxide in the city air followed the traffic pattern. The concentration variation of carbon monoxide in the suburban and rural air also followed the variation in the height of the mixing layer. Since the phenomena of CO concentration followed the surrounding changes and the lifetime of CO was long (about two months), the CO could be used as a tracer to track the air movement. Carbon dioxide.
The global average concentration of carbon dioxide (C02) was about 352 ppmv. The CO2 absorption of infrared with 961 m was too strong for the infrared signal to be detected at the major absorption band of the P3 and P2 modes. A weak absorption of the P1+P2 combinational band, which had a Q center located at 2077.5 cm' (as shown in Fig. 5(A) ), was chosen so as to identify and quantify the CO2 in the air spectrum (as shown in Fig. 5(D) ). The band strength of 0.149 cm 2 atm 1 for the P1+P2 combinational band14 was 14967times less than that of 2230 cm 2 atm 1 for the u3 band. The quantitative analysis of the CO2 in the air sample followed the Beer's law for most of the cases the analyzed spectra. The carbon dioxide concentration 370 ppmv in the air was usually found at rural sites.
However, if a band strength of 0.124 cm 2 atm~1 was Major pollutants in a polluted urban atmosphere Primary pollutants from combustion emission. The photochemical smog generated during the day and low visibility were the phenomena of air pollution in urban areas. It was believed that the drastic increase in the number of motor vehicles, which release a lot of combustion products, caused the air pollution to be worse than ever. The composition and concentration of the combustion products being released in the real air were investigated at a traffic tunnel. The 1300 -700 cm-1 region, having most molecular fingerprint absorptions, provided wealthy information necessary to search for the air pollutants. Figure 6(D) shows the air spectrum at a traffic tunnel in the 1000 -900 cm-1 region. The air absorbance spectrum of Fig. 6(D) was obtained by ratioing the single-beam air spectrum at the traffic tunnel to a single-beam spectrum of clean air having the same humidity. The ethylene (C2H4), ammonia (NH3) and propylene (C3H6) were identified as being major components by using the calibration spectra shown in the Figs. 6(A), 6(B) and 6(C), respectively. The concentrations of C2H4, NH3 and C3H6, as high as 160,14 and 63 ppbv respectively were found at the traffic tunnel. C3H6 and C2H4 were very active species and were directively involved in photochemical reactions for the formation of the photochemical smog. The evidence for the formation of PAN, formic acid (HCOOH) and ozone (03) confirmed that such photoxidents were possibly formed by the photooxidation process of C3H6 and C2H4. The NH3 existing in the measured tunnel air was of interest. If NH3 was the product from combustion emission, the HNO3 or organic acid formed in the photooxidation of the polluted air could be neutralized by NH3. The formation of ammonia salts caused an increase of the aerosol in the polluted air producing the low visibility. Secondary pollution of air pollution.
The typical ambient air of an urban city in Taiwan during the noon hours had 03 and PAN components identified by the FT-IR spectrum of the 1 190 -930 cm-1 region ( Fig. 7(C) ). This absorbance FT-IR spectrum of noon-time polluted air was obtained by ratioing the single-beam spectrum of the noon-time polluted air to a single-beam spectrum of the night-time air, which was examined to confirm the zero concentration of 03 and PAN. The absorbance spectrum of 0.5 cm 1 resolution was then smoother than that of 1 cm-1 resolution. A 137 ppbv concentration of 03 was calculated by comparing the calibration spectrum of the 03 shown in Fig. 7(A) . The absorption coefficient of 9.74 cm 1 atm 1 at 1055 cm 1 was adopted, since it had been tested in a field measurement with other UV absorption methods within a 0.9% error. The PAN molecule had a unique and distinguished broad absorption peak at 1 160 cm' (Fig. 7(B) ). An absorption coefficient of 32 cm 1 atm 1 was adopted12, since this value had been used to check the vapor pressure of the pure PAN compound. The polluted air spectrum shown in the Fig. 7 (C) identifies the formation of PAN in the air. The concentration of PAN was calculated to be 15 ppbv. The damage to the environment due to such a high level of 03 and PAN is under investigation. 
